Abstract-Silicon heterojunction (SHJ) solar cells feature amorphous silicon passivation films, which enable very high voltages. We report how such passivation increases with operating temperature for amorphous silicon stacks involving doped layers and decreases for intrinsic-layer-only passivation. We discuss the implications of this phenomenon on the solar cell's temperature coefficient, which represents an important figure-of-merit for the energy yield of devices deployed in the field. We show evidence that both open-circuit voltage (V o c ) and fill factor (FF) are affected by these variations in passivation and quantify these temperature-mediated effects, compared with those expected from standard diode equations. We confirm that devices with high V o c values at 25°C show better hightemperature performance. However, we also argue that the precise device architecture, such as the presence of charge-transport barriers, may affect the temperature-dependent device performance as well.
I. INTRODUCTION

S
ILICON heterojunction (SHJ) solar cells are increasingly attracting attention, thanks to their potential for stable high conversion efficiencies at competitive production costs [1] . Record efficiencies of 24.7% [2] and 25.6% [3] were recently reported by Panasonic, Japan, for standard two-sidecontacted and interdigitated back-contacted device structures, respectively. These results refer to devices certified under standard testing conditions (STC, 1000 W·m −2 , 25°C, AM1.5 g spectrum). Independently from these outstanding results, the values taken in STC and used for certification could be questioned, as encapsulated devices deployed in the field can reach operating-temperatures (T) as high as 90°C [4] . In fact, photovoltaic devices typically show significant performance losses with increasing T. Hence, the temperature coefficient of the conversion efficiency (TC η ) represents an important figure-ofmerit for the energy yield of a given photovoltaic technology. 1 In this respect, compared to conventional crystalline silicon homojunction technologies (TC η = −0.45%/
• C for standard homojunction and −0.35%/°C for homojunctions with passivating contacts [6] ), SHJ solar cells are less sensitive to increasing operation temperatures (TC η = −0.23%/
• C [7] to −0.1%/°C [8] 2 ). To underline the importance of a favorable TC η , starting from a 20%-efficient cell (at 25°C), a difference in TC η of 0.12 or 0.35%/°C results in ∼5.4 or 15.8% relative difference in efficiency at an operating-temperature of 70°C.
For an ideal solar cell, the diode equation directly yields an inverse dependence of the absolute value of TC Voc on its V oc [10] . However, for SHJ solar cells, the simple diode model may not hold as discussed in [11] . Despite this, the superior hightemperature behavior of this technology is often attributed to high V oc s as well [12] . For these devices, the high V oc values are a direct consequence of their excellent surface passivation achieved by the intrinsic hydrogenated amorphous silicon [aSi:H(i)] layers deposited on both sides of the wafer. In combination with the electron-and hole-selective contacts-formed by n-or p-doped a-Si:H-and the transparent conductive oxidenecessary for optical and electrical reasons-they suppress the carrier recombination at the metal-to-wafer contact, a severe performance-limiting factor for standard homojunction devices [1] , [13] .
In this paper, we unravel the T-dependence of SHJ solar cells, addressing each cell parameter individually. This analysis is supported by T-dependent photoconductance decay measurements [PCD(T)], showing that the passivation by a-Si:H layers features a clear T-dependence. This dependence-in combination with results obtained by T-dependent current-voltage measurements [J-V(T)]-exposes the limit of the usually assumed simple relation between TC and V oc . We show that PCD(T) measurements performed on solar cell precursors can be used as indications of the V oc and FF temperature behavior of finished cells.
II. EXPERIMENTS
Crystalline silicon (c-Si) n-type floatzone wafers (FZ, 242 μm, 2-3 Ω·cm) textured by potassium hydroxide were used to fabricate symmetric passivation samples (i/i), symmetric test structures (in/in and ip/ip), cell precursors (in/ip), and finished cells. Here i, in or ip refer to a-Si:H layers or layer stacks of either intrinsic (i) or doped (n or p) material.
Following chemical cleaning, finished by dipping the samples in diluted hydrofluoric acid solution (5%, 60s), a-Si:H layers were deposited on both sides of the wafers by plasma-enhanced chemical vapor deposition (PECVD) in reactors powered at 40 MHz (TEL Solar KAI-M, or INDEOtec Octopus II). Further details can be found elsewhere [14] . The passivation samples received a symmetric coating of a-Si:H(i) (∼30 nm), whereas in-and ip-stacks of ∼10 nm (total stack thickness on textured wafers) were used for the other structures. For our investigation of finished cells, pairs of cell precursors were codeposited, one of which was processed into a cell, while the other was used for lifetime characterization only.
To study the electronic properties of the a-Si:H/c-Si interface as a function of T, the samples' injection-dependent effective minority-carrier lifetime (τ eff ) was measured using a Sinton Instruments WCT-120-TS PCD [15] system with a controllable temperature stage, operated in transient or generalized mode [16] . In order to ensure the thermal stability of the a-Si:H layers during the measurements [17] , all the samples were precured for ∼25 min at ∼200°C in air, the procedure we use to cure the silver paste after screen printing [14] . This process may change the electronic properties of the layers [17] , [18] . Enabling hydrogen to diffuse and passivate further defects, thereby increasing the passivation quality [19] , it provides a sample that is stable at temperatures below the curing temperature. Furthermore, to avoid changes during the measurement, the lifetimes were probed while cooling down from 150 to 30°C (in steps of 5°C)-temperatures at which the layers are expected to be stable. The thermal stability of our samples was confirmed by similar τ eff values (at ambient temperature) before and after the PCD(T) measurements. 3 The performance of the finished cells was characterized inhouse with an illuminated J-V probing station (AM1.5 g, class AAA sun simulator). Measurements were carried out at 1 sun, while T was ramped up from 25 to 85°C, which again is a range in which no microstructural changes are expected. 4 Furthermore, temperature-dependent external quantum efficiency measurements [EQE(T)] were performed to investigate the spectral dependencies, as well as the changes in effective bandgap (E g,eff ). To obtain E g,eff , we proceed as follows: 1) we chose the EQE measurement closest to 25°C as reference, 2) from this, we extracted the EQE value at the wavelength corresponding to the known bandgap at this temperature [20] ; and finally for the other EQE measurements, and 3) we determined the wavelengths at this reference EQE value for each measurement and converted it to the corresponding bandgap to obtain E g,eff (T). For these measurements, T was probed by a temperature sensor integrated into the chuck.
III. RESULTS AND DISCUSSION
A. Temperature-Dependent Minority-Carrier Lifetime
Here, we discuss results obtained from PCD(T) measurements. In Fig. 1(a) , we notice that the T-dependence of τ eff varies with the carrier injection level (Δn). For this reason, for each Δn value, indicated by a dashed line in Fig. 1(a) , we extract T-traces shown in Fig. 1(b) . To disentangle the effects of the two different interfaces, we also show T-traces for symmmetric in/in, ip/ip, and i/i samples [see Fig. 1 (c)-(e)]. It is important to note that the observations discussed here are likely linked to passivation variations at the c-Si surface and not within the c-Si bulk. This assumption is corroborated by the fact that the variation of a-Si:H passivation stacks changes the lifetime Tdependence. For an effect purely related to the c-Si bulk, no differences between the samples would be expected.
For the in/ip, in/in, and ip/ip samples, the T-dependence of τ eff is not very pronounced at elevated Δn (6 × 10 15 -1 × 10 16 cm −3 ), as it is strongly limited by the dominating Auger recombination process in the c-Si bulk, which is approximately constant for the investigated T-range for FZ wafers [21] . This already indicates that the increasing lifetime will have a rather weak influence on the implied V oc (iV oc ), as it is related to the lifetime value in the range of Δn = 1 × 10 16 cm −3 (see discussion in Section II-B). Judging from the findings of other authors [22] , [23] , the radiative recombination coefficient exhibits a strong temperature dependence for T < 250 K, but seems to reach a stable value for higher T. Due to the lack of data for the T-range investigated here, we assume it to be constant with temperature for T > 300 K. These findings contrast with the trends seen at lower Δn . This will be discussed in Sections II-C and D. Similar trends were recently reported for T below [24] and above [25] ambient temperature.
Compared with the samples featuring doped layers, the i/i samples [see Fig. 1(e) ] show a markedly different behavior. After a slight increase, the latter exhibit a strong decrease in τ eff across all injection levels, once T reaches ∼50°C. We observed this behavior systematically also for other i/i samples (from different batches) and tentatively explain this effect by a decreasing internal electrical field close to a-Si:H/c-Si interfaces at higher T. Without strong field-effect passivation, thermally excited carriers will be able to reach the a-Si:H/cSi interface more easily, where they may recombine and hence lead to a reduction of τ eff . Besides this field effect, possible explanations for these trends also include temperature-dependent variations of the capture cross sections for electrons and holes [26] .
We now turn the attention to the device performance at elevated T and discuss the implications of our findings so far. Fig. 2 shows typical Tdependence for a silicon heterojunction cell fabricated in our lab [14] . We observe clear trends for all cell parameters. While both V oc and FF decrease with temperature, J sc increases. From the derivative of η with respect to T, the overall TC η is acquired Extracted from the data shown in Fig. 2 by applying linear fits to the T-range 40-80°C and, for the values of TC X , by normalizing to the value at 40°C for the cell and 30°C for the precursor.
B. Implications of τ eff (T) on Cell Parameters T-Dependence
1) Conversion Efficiency:
simply by summing the contributions of TC Voc (−0.27%/°C), TC J sc (+0.08%/°C), and TC FF (−0.07%/°C, for T > 40°C, see footnote 5):
(
Considering (1) and the TC values we extract from the data, it is evident that the weak contribution of the TC J sc does not counterbalance the dominating TC Voc , and a value of TC η = −0.26%/°C is obtained. All the values are given in Table I , including those for parameters closely associated with the J-V parameters, namely the voltage and the current density at the maximum power point (V mpp and J mpp ) and the iV oc . 5 2) (Implied) Open-Circuit Voltage: The fact that both V oc and iV oc show the same T-dependence of approximately −1.90 mV/°C [see Fig. 2(a) ] suggests that temperature-related effects we observe for the iV oc also apply for the V oc . Therefore, the simplicity of the PCD(T) measurement method can be exploited to gather information about the V oc and gain preliminary insights without the necessity to fabricate a finished cell. In the following, we concentrate therefore on iV oc measurements.
As mentioned in Section I, we observe that the lifetime at an injection level of 10 16 cm −3 -the injection level close to the one associated with one-sun illumination and, hence, to the iV ocdoes not show a strong T-dependence as the increase is almost entirely suppressed by Auger recombination, which we assume to be T-independent [21] . Nevertheless, the minor increase of τ eff still seems to affect the TC iVoc as depicted in Fig. 3(a) , in which we show the TC iVoc as a function of the TC τ eff at 10 16 cm −3 . However, this is by far not the dominant effect. The V oc is mainly determined by the variation of the intrinsic carrier density (n i ) in the wafer with temperature. The latter is attributed to a decreasing bandgap-enhancing thermal excitation across the same-and to an increase of the effective densities of states 5 Note that we normalize to 40°C as the TC FF is constant only above 40°C and varies below (see footnote 1 for the definition of the normalization). This is likely due to a slight transport barrier. Such barrier effects may be aggravated by the presence of wide-bandgap passivation films [8] . within the electronic bands, both leading to an increase of the saturation current density [27] .
In the following, we compare the TC (i)Voc values of the different structures studied here, to the case of a hypothetical structure limited by Auger recombination only, which unveils interesting differences. For this hypothetical device, we reconstruct the so-called implied J-V (iJ-V) curve for each point of the investigated T-range. We calculate the iV oc using n i (T) and the Auger model described by Richter et al. [28] and combine it with iJ, which depends on the wafer specifications (n-type wafer; thickness: 242 μm; doping: 2 × 10 15 cm −3 ), the injection level and the Auger lifetime as well as the temperature. We assume a J sc of 37 mA·cm −2 (at 30°C, as our PCD measurements only went down to 30°C) based on our cell results [see Fig. 2(b) ] and calculate iJ accordingly, correcting it with respect to its increase with T, which we had previously derived from J-V(T) measurements.
While the entire set of samples with a-Si:H layers only shows less favorable TC iVoc values, the cell (see Fig. 2 ) shows a better temperature performance than the Auger-limited device [see Fig. 3(b) ]. This shows that the passivation alone might not be the only aspect to be considered when assessing the T-dependencies at cell level as we will discuss in the following.
To assess the effect of the absolute value of the iV oc (at 25°C) on the TC iVoc , we fabricated a symmetrically passivated i/i sample [30 nm a-Si:H(i)], which we thermally degraded by annealing it at temperatures of up to 350°C (in air). Within this T-range, the thermal desorption of hydrogen will eventually ensue an increase in unpassivated surface defects and, hence, a reduction in passivation quality [29] . After each annealing step, the sample was measured on the PCD(T) stage. The results are shown in Fig. 4 . From each iV oc (T) curve [see Fig. 4(a) ], we extract the TC iVoc from a linear fit and give the results as a function of the (extrapolated) iV oc value at 25°C [see Fig. 4(b) ]. Even though the changes of the initial iV oc (at 25°C) are relatively small (variation less than 20 mV), the repercussions for the TC iVoc are large. This result shows the importance for high passivation quality, i.e., high initial V oc s. This value is one aspect determining the TC Voc and, hence, directly influences the performance of the device at high T, as was argued in Section II-A, and as was originally proposed by Green et al. [5] and reported by Taguchi et al. [12] , as well as more recently by Mishima et al. [7] .
However, besides the effect on the passivation quality, the hydrogen content in the a-Si:H(i) layer determines the bandgap of the material [30] . Hence, its effusion from the layer can entail the changes of the passivation quality [29] and have an influence on the TC iVoc . We observe this effect on finished cells with hydrogenated amorphous silicon oxide (a-SiO x :H) passivation layers, similar to the ones described in [8] . In contrast with the standard in/ip device with a V oc of ∼724 mV 6 , exhibiting a TC Voc of ∼−0.262%/°C, the cell with a wide-bandgap aSiO x :H passivation layer below the hole collecting a-Si:H(p) layer shows a lower V oc of ∼713 mV, but intriguingly a more favorable TC Voc of ∼−0.253%/°C. This underlines the fact that the TC Voc is influenced not only by the V oc value at 25°C, but also by the materials used in the device and the band offsets (transport barriers) associated with the same.
3) Fill Factor:
We now turn to the trends observed for the FF. Using again PCD(T) measurements, we extract iJ-V curves as discussed before and as shown in Fig. 5(a) . This time however, instead of considering only the Auger lifetime, we take the measured τ eff values into account. This gives us access to the iFF.
The iFF trends obtained are given in Fig. 5(b) . Interestingly, the latter are not linear. This is directly linked to the trends of τ eff taken at the implied maximum power point (i-mpp) [see Fig. 5(c) ]. The increase in τ eff , i-mpp we observe for T below 80°C mitigates the decrease in iV mpp and, hence, the iFF decrease is slower. This is also the reason, why all test samples (except the i/i) show a more favorable TC iFF in this T range compared with the hypothetical Auger-limited case (see Fig. 6 ). For T beyond 80°C, however, τ eff ,i-mpp remains stable or decreases even slightly and TC iFF decreases and approaches-at least for in/ip and in/in samples-the value for the Auger-limited case.
Comparing the TC (i)FF of both the in/ip cell precursor [see Fig. 5(b) ] and the actual cell (see Fig. 2 ), it is noteworthy that for the same T range (30-80°C) they show slightly different TCs (TC iFF − TC FF = 0.02%/°C). This may be explained by the fact that for contactless PCD(T) measurements, transport-related effects (ohmic or non-Ohmic) are unaccounted for. This is also corroborated by comparing the TC iFF of the Auger-limited case to the TC FF of the cell, the latter displaying a more favorable value (see Fig. 6 ). These effects amount to approximately 30% of the TC FF .
Furthermore, as discussed in the previous section for the TC Voc , the TC FF can as well be strongly influenced by transport barriers. These barriers may even lead to positive TC FF values and, hence, to TC η as low as −0.1%/°C, enabling improved performance at higher T compared with standard devices [8] . Yet, this phenomena is not exclusive to a-SiO x :H, but has also been observed for instance by using thicker a-Si:H layers [12] or different materials such as metal oxides [31] .
4) Short-Circuit Current Density:
Finally, we turn to the trends we observe for the J sc [see Fig. 2(b) ]. These can be explained by a decreasing effective bandgap and the resulting increased phononassisted absorption in the red part of the solar spectrum [see Fig. 7(a) ]. In Fig. 7(b) , we compare the values obtained for E g,eff (T) (as described in Section II), and the bandgap's T-dependence known from the literature [20] . We observe that E g,eff values yield a variation ΔE g,eff of 35 meV when increasing the T from 20-75°C [see Fig. 7(b) ]. This accounts for more than what is expected [20] , which is linked to the increased probability for phonon-mediated indirect transitions with T [32] . The variation in effective surface recombination velocity on the other hand is too small (<1 cm/s, across all injection levels) to explain an enhancement of the collection probability and can therefore be neglected.
The influence of an increase in J sc on the V oc is negligible as well. For a standard SHJ cell, we recently reported a variation of only 0.7 mV/mA·cm −2 close to 1 sun [33] . This leads to a variation of only 1.1 mV (corresponding to +0.02 mV/°C) for the observed T range (25-80°C).
IV. CONCLUSION
Performance losses associated with increasing T are detrimental to the energy yield of a photovoltaic cell. Typically, TC η is strongly linked to the V oc measured at room temperature. In the this study, we investigated the implications of τ eff on the solar cell parameters of silicon heterojunction devices.
First, we found that depending on the injection level and sample structure τ eff changes with increasing T. This is tentatively explained by variations in the capture cross section for electrons and holes or the structure-inherent field-effect passivation. Further investigations are necessary to pinpoint the dominant physical effects.
Based on these results, we investigated their impact on the cell parameters, which-for our standard devices-lead us to the following results.
1) The V oc decreases with T, the increasing τ eff shows a minor effect on the TC iVoc , yet it does not counterbalance the decrease imposed by the increase in saturation current density (diode equation). Thermally degraded samples clearly show the beneficial influence of higher initial iV oc values (at 25°C) on TC iV oc . However, a high V oc is not the only aspect for favorable TC Voc values, the structure of the device (e.g., presence of transport barriers) has to be considered as well.
2) The FF decreases with T. Similar to the iV oc , the iFF is influenced by the variation in τ eff and shows a more favorable TC compared with the FF for the investigated T range. This is likely linked to the negative influence transport-related T effects. The TC FF can be improved by applying layers that impede carrier transport in standard test conditions. 3) The J sc increases with T. The dominant effects are the decrease of the bandgap and the enhanced phonon-assisted excitation. Increasing lifetimes do not affect the J sc . 4) The conversion efficiency η is clearly dominated by the V oc and, hence, decreases with temperature. J sc influences the efficiency only to a lesser extent, whereas devices with no transport problem exihibit a weak variation of FF with T.
